HBD-2 -a member of β-defensin family of antimicrobial peptides -is known to permeabilize cell
A ntimicrobial peptides play an important role in innate immunity and are critical for defense of mucosal surfaces [1] . HBD-2, a member of β-defensin family of antimicrobial peptides, is a small cationic peptide that was first isolated from psoriatic skin lesion in 1997 [2] . A number of other tissues and organs also express HBD-2 [3] . Expression of HBD-2 is regulated by both infectious and inflammatory stimuli [4] . Many authors have observed that HBD-2 demonstrates antimicrobial activity against bacteria [5] , fungi [5] , and enveloped viruses [6] . Such antimicrobial properties of HBD-2 are based on its ability to bind with cell membranes and permeabilize them [7] .
Despite the numerous studies conducted on the subject matter, the details of kinetics and mechanisms of HBD-2 interaction with cell membranes are poorly understood. The inhibitory properties of anionic proteins [8] and salts [1] suggest that HBD-2 binding to cell membranes is electrostatic in nature. The fact that artificial vesicles with higher negatively-charged lipid content bind more α-defensin molecules [9] supports this hypothesis. There is also evidence suggesting that HBD-2 may undergo oligomerization to form membrane-spanning pores, but such findings are controversial [10, 11] . We focused our research on the kinetic properties of HBD-2 interactions with cell membranes since we had not doi: https://doi.org/10.15407/ubj91.01. 065 found any research papers published on the subject matter. Our goal was to observe the way the HBD-2 hemolytic activity is affected by various factors and to use the data from our findings to propose a model of HBD-2 interactions with erythrocyte membranes.
In this study, we have used a hemolytic model to observe kinetic properties of HBD-2 interactions with membranes of human erythrocytes. We have also examined the effects of albumin, hemoglobin, and some salts on HBD-2 hemolytic activity.
matherials and methods
Production and purification of recHBD-2. HBD-2 was produced by recombinant e. coli Rosetta TM strain that was transformed by pGEX-2T-HBD-2 construct as previously described [12] . To produce fusion protein, 300 ml of LB medium containing 50 μg/ml of ampicillin was inoculated with 1 ml of overnight culture, and then cultiva ted at 37 °C while being vigorously shaken until it reached the absorbance value of A 600 = 0.6. Afterwards, IPTG was added to reach the final concentration of 1 mM, and incubation continued with vigo rous shaking applied for 5 h until the culture reached the absorbance value of A 600 = 1.0-1.5. Cells were settled to form a sediment using a centrifuge at 3000 g for 15 min and resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% (v/v) Triton X-100, 2 mg/ ml lysozyme and 1 mM PMSF). The cells were lysed by sonication of cell suspension with ultrasound disintegrator for 5 times, each lasting for 30 s and with a 30 s rest on the ice bath in between. Two sessions of sonication were performed with a 5 min break in between. Cell debris was separated into a sediment by centrifugation at 10 000 g for 10 min. Supernatant was applied on 2 ml packed column of glutathioneagarose and incubated at RT while being shaken for 2 h. The column was rinsed with 3x volumes of equilibration buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl) and 1x volume of proteolytic buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 2.5 mM СаСl 2 ). Proteolysis of fused protein was performed in proteolytic buffer with 10U of thrombin per 1 mg of fused protein at RT while being carefully shaken for 16 h. The products of proteolysis were acidified by trifluoracetic acid (TFA), reaching the final concentration of 0.1% (v/v), and then centrifuged at 10 000 g for 10 min. Supernatant was separated by reverse-phase chromatography on Sep-Pak C-18 syringe cartridges. 75% acetonitrile solution with 0.1% (v/v) TFA was applied to perform the HBD-2 elution. Afterwards, the eluate was air-dried using the Speed-Vac concentrator and stored at -20 °C.
Densitometrical analysis. Dry eluate was dissolved in sample buffer and separated by standard PAGE-SDS in 7-22% PAG gradient. Separation was performed in Laemmli's buffer system under 20 mA per gel (10*6 cm) current. After separation, gels were stained with Coomassie Brilliant Blue G-250 and analyzed using free software Image Studio Lite. Data was collected from Green and Blue channels. Background signal averaged between top and bottom regions of spots. Results were calculated in relation to the calibration curve that was received for bovine serum albumin (BSA).
Western-blot analysis. Instead of staining the gels, they were used for electroblot transfer to nitrocellulose membrane at RT and 30 V overnight. Nitrocellulose membrane was blocked by 10% (w/v) dry milk solution in PBS-T for 90 min. Membrane was incubated with anti-HBD-2 antibody (#SC-20798, Santa Cruz Biotechnology) solution for 60 min, rinsed off five times, and then incubated with secon dary antibody (#AP1320, MilliPore) solution for 60 min and rinsed off 5 times again. The results were visualized using ECL technique.
MALDI-TOF-MS (Matrix assisted laser desorption/ionization time of flight mass spectrometry).
Dry eluate was dissolved in 0.1% (v/v) TFA, reaching the final concentration of 1 mg/ml, then mixed with an equal volume of ionization matrix (α-cyano-4-hydroxycinnamic acid) and loaded onto a steel sample plate for drying. MALDI-TOF mass spectrometry assay was performed in positive linear mode ranging from 1000 to 7000 m/z.
Hemolytic assay. Blood received from healthy volunteers after venipuncture was added to 3.6% (w/v) sodium citrate solution in proportion 9:1. The resulting solution was carefully mixed by inverting the tube. Erythrocytes were triple washed in 270 mM sucrose solution and counted manually. No visible hemolysis occurred. Afterwards, erythrocytes were diluted in various isotonic solutions, which either contained an inhibitory agent or not. Then each HBD-2 solution (in deionized water) was added to suspension and was carefully mixed afterwards. Samples containing equal volumes of either water or 5% (v/v) Triton-X100 were considered as negative and positive controls, respectively. They were set for each probe. Suspensions were incubated at 37 °C, each with a different incubation time, and separated by centrifuge at 400 g for 5 min. In each case, the absorbance value of supernatant was measu red four times at 545 nm. Intensity of hemolysis was calculated using the following formula:
where H% -intensity of hemolysis in percent (referred to as the hemolytic activity), a -absorbance value (sam -of the sample; neg -of the negative control; pos -of the positive control).
Hemolytic assay conditions. We supposed that five major factors excluding temperature may impact HBD-2 hemolytic activity. Thus, we varied values for some of these factors while keeping others constant. The ranges for factors were the following: 0.005-4 μM of recHBD-2 concentration; 5-9 pH value; 5-120 min of incubation time; 100-1600 million/ml of erythrocyte concentration; 240-300 mM of sucrose concentration, which was used to check the influence of osmotic strength. Standard conditions were 4 μM recHBD-2, pH 7 or 8 (marked on each graph), 200 million/ml erythrocytes, 60 min of incubation, and 270 mM sucrose concentration. We also checked the influence of some hemolysis inhibitors on the hemolytic activity of HBD-2, such as BSA (0.1-2.5 mg/ml), total erythrocyte soluble protein (0.1-2.5 mg/ml; more information below), sodium chloride (15-150 mM), potassium chloride (15-150 mM), calcium chloride (0.1-2.5 mM), and magnesium chloride (0.1-2.5 mM).
Total erythrocyte soluble protein (TESP) preparation). 2x volumes of 50% suspension of washed erythrocytes were added to 1x volume of 270 mM sucrose solution. Erythrocytes were lysed by sonication of cell suspension with ultrasound disintegrator once for 30 s, and then rested on an ice bath. Cell debris was separated using a centrifuge at 10 000 g for 10 min. Protein concentration in supernatant was measured by Greenberg method [13] .
Statistical method. Standard statistical methods were used to process data, which was presented in terms of a mean and standard deviation. Differences between groups were calculated using U-test, with statistical significance of P < 0.05.
results and Discussion
Characterization of recHBD-2. Recombinant HBD-2 produced by e. coli-based expression system was isolated and checked for purity and quantity by densitometrical analysis (Fig. 1, a) . 1.07 ± 0.08 μg of HBD-2 with purity of 70.5 ± 6.2% (n = 6) was obtained from 1 ml of cell suspension. Mass-spectral analysis of recHBD-2 identified a major peptide peak at m/z 4475.7 ( Fig. 1, C) . This value is in good agreement with calculated mass, which is slightly higher comparing to the native form because of two additional GST-tag derived amino acids on N-terminus. Western-blot with primary antibody against native HBD-2 shows that purified recHBD-2 displays the same linear antigen structure as native form (Fig. 1,  B) . These observations suggests that primary structures of recHBD-2 and native HBD-2 are the same.
kinetics of recHBD-2-erythrocyte interactions. Hemolytic assay shows that recHBD-2 possess hemolytic activity in concentrations from 0.25 to 4 μM (Fig. 2, a) . Hemolytic activity is dosedepen dent and tends to reach a plateau at 18% of hemolysis. Therefore, we've found the existence of saturation effect at 4 μM HBD-2 concentration. Similar pattern of hemolytic activity for HBD-3 was observed by Harder et al. [14] , but they failed to reach a plateau. Wimley et al. [9] obtained exactly the same results for artificial vesicle lysis by HNP-2, but plateau was reached at a higher percentage of lysis. Based on this evidence, we conclude that dosedependent pattern with plateau effect may be a common property of defensins in general rather than one specific to HBD-2.
We observed that medium pH value strongly impact hemolytic activity. The maximum activity of around 80% was identified at pH 8.0 (Fig. 2, B) . It supports the hypothesis of electrostatic nature of this interaction because the pH value of 8.0 is between the constant of dissociation value of membrane lipid phosphoric heads (pK 2 = 7) and isoelectric point of HBD-2 (pI = 9.3). According to Coulomb's law, the electrostatic interactions between cell membranes and HBD-2 are at their maximum at this pH value. We failed to find a study that links any HBD-2 or beta-defensin activity with pH value, but Nakayama et al. [15] have found a reduction of antimicrobial activity of surface liquids in epithelial cells culture (that may contain HBD-2) as pH decreased. To increase assay sensitivity in some of our further observations, we used pH 8.0 as well as 7.0.
Hemolytic activity also depends on the incubation time. After even 5 min of incubation, strong hemolysis (29.3%) occurs, but hemolysis rates tend to decrease and reach a plateau after 60 min (Fig. 2, C) . Similar pattern was observed in Wimley's study [9] . Plateau effect depends both on HBD-2 concentration and incubation time, which leads us to conclude that as the reaction intensifies, some kind of inhibitors may start to appear in the solution, resulting in the plateau effect observed.
Hemolytic activity is inversely dependent on erythrocyte concentration. A 4-time increase of erythrocyte concentration reduces the hemolytic activity in half (Fig. 2, D) . We did not expect such results because if hemolysis is a simple reaction that involves two components (HBD-2 and erythrocytes), then when the concentration of one of the components increases, the reaction rate should increase instead of decreasing, as observed in our study. Therefore, we conclude that hemolysis depends on several factors rather than just concentrations of reagent. The simplest example of such factors is the ratio of HBD-2 to erythrocyte concentrations.
Hemolysis inhibition by proteins. Anionic proteins can inhibit antimicrobial activity of HBD-2 [8] , so we hypothesized that some of anionic erythrocyte proteins, mainly hemoglobin, may inhibit hemolytic activity of recHBD-2, thus causing plateau effects and decreasing hemolytic activity as the erythrocyte concentration increases. To assess this hypothesis, we performed the hemolytic assay in standard conditions with addition of different quantities of TESP (total erythrocyte soluble protein) and BSA to compare their effects. The concentrations of proteins varied from 0.1 to 2.5 mg/ml. The assay showed that both BSA and TESP strongly inhibit hemolytic activity, with the complete inhibition reached at the concentration of 2.5 mg/ml (Fig. 3, a) . However, TESP inhibits hemolytic activity slightly less compared to BSA. Based on the fact that HBD-2 is cationic peptide, we suppose that its electrostatic binding to anionic proteins leads to weakening of HBD-2 interactions with erythrocyte membranes because of the neutralization of total HBD-2 charge. We also expect that proteins with higher negative charge will inhibit hemolytic activity of HBD-2 stronger. Our results support this assumption, since BSA has stronger charge at pH 8.0 than that of hemoglobin (which is the main component of TESP) because its isoelectric point is lower (4 compared to 7). Hence, our observation confirms that interaction of HBD-2 with erythrocyte membranes are electrostatic in nature. We furthermore conclude that the protein release from erythrocytes during hemolysis inhibits hemolytic activity of HBD-2, thus making this reaction self-limited. This explains both why the increase of either the recHBD-2 concentration or the incubation time did not increase the overall percenta ge of hemolysis and why erythrocytes themselves inhibit the hemolytic activity of HBD-2. Hemolysis inhibition by salts. HBD-2 demonstrates poor antimicrobial activity in the presence of salts [1] . Therefore, to find out whether this effect relies on the changes in osmotic strength or the physical properties of salts, we performed a hemolytic assay without any salts but in presence of different concentrations of sucrose (which created solutions with different osmotic strengths). We have not observed any difference in hemolytic activity of HBD-2, except for a small drop in hemolytic activity in 300 mM sucrose solution (Fig. 3, B) . Therefore, we conclude that osmotic strength itself does not impact the hemolytic activity of HBD-2.
Fig. 1. Characterization of recHBD-2. A -Electrophoregram of purified recHBD-2: 1 -10 μg, 2 -8 μg, 3 -6 μg, 4 -4 μg, 5 -2 μg, 6 -1 μg,7 -LMW protein marker; B -Blotogram of purified recHBD-2: 1 -750 ng, 2 -

Fig. 2. Hemolytic activity of HBD-2 under different test conditions (see text). Hemolytic assay was performed in 270 mM sucrose solution with pH value 7(A), 8(C, D) or a wide range of pH (B) for 60 min (except C, where we tested different incubation time). HBD-2 concentration was 4 μM in all cases except A (where we tested different HBD-2 concentration) and erythrocyte concentration was 200 million per ml in all cases except for D (where we tested their different concentration). Intensity of hemolysis was measured relatively to that caused by 5% triton-X100. error bars indicate standard deviation of the means of four measurements
To prove the second assumption, a hemolytic assay was performed in isotonic sucrose solution that contained sodium chloride and potassium chloride in concentrations from 15 to 150 mM, and magnesium chloride and calcium chloride in concentrations from 0.1 to 2.5 mM. If our assumption were true, we had to find out differences in inhibition of hemolytic activity caused by different physical properties of cations present in salts. This assay shows that all tested cations strongly inhibit hemolytic activity of HBD-2 (Fig. 3, C, D) . Minimal salt concentrations required for a statistically significant decrease of hemolytic activity were the following: 0.1 mM of magnesium chloride; 0.5 mM of calcium chloride; 15 mM of sodium chloride and potassium chloride (although the inhibition by sodium chloride was more pronounced). The first observation based on these results is that double charged magnesium and calcium cations are much more potent than single charged sodium and potassium ones. The second observation is that cations with smaller atomic radii (sodium and magnesium) are more potent in inhibition than those with bigger atomic radii (potassium and calcium). These findings, in turn, support the hypothesis of the electrostatic nature of interactions of HBD-2 with cell membranes because double charged cations bind to membrane stronger, and thus inhibit HBD-2 binding to membrane more effectively. Smaller cations possess slightly higher surface charge density, thus binding of HBD-2 more effectively than bigger cations. As we can see, the strongest inhibitor of hemolytic activity and the smallest cation is hydrogen, which inhibits HBD-2 activity in micromolar concentrations (pH 7 and below). Our obser- vations are partly confirmed by the study of Tomita et al [16] that has found distinct impact of single and double charged ions on HBD-2 antimicrobial activity but failed to find differences in the impact of smaller and bigger cations. Speculative model of HBD-2-membrane interac tion. Based on the set of performed hemolytic assays, we make several hypotheses about HBD-2 interactions with cell membranes. Such hypotheses are weak in evidence now but can be explored in further research. First of all, we conclude that these interactions are mainly electrostatic in nature. As depic ted in Fig. 2 (B) and Fig. 3 (a, C and D) , the higher charge or the higher surface charge density a substance has, the stronger this substance inhibit the Salt concentration, mM Salt concentration, mM
Intensity of hemolysis, % Intensity of hemolysis, % Intensity of hemolysis, % Intensity of hemolysis, % HBD-2 interaction with erythrocyte membranes. It is remarkable that these interactions are inhibited by charged molecules of any kind. Negatively charged substances bind HBD-2 and positively charged substances bind to cell membrane, but both make HBD-2 interactions with cell membrane weaker . Since the interaction of HBD-2 with membranes of living cells induces leakage of charged molecules (such as hemoglobin), HBD-2 activity will always be inhibited by these factors. Therefore, we consider that interaction of HBD-2 with cell membranes of living cell is self-limited.
As it was shown above, interactions of HBD-2 with cell membranes depend on the ratio of HBD-2 to erythrocyte concentrations. However, the decrease in hemolytic activity in high osmotic strength medium, which may be due to the decrease of available binding sites on membranes caused by membrane crashing, leads us to conclude that the ratio of HBD-2 concentration to total membrane surface available is critical for such interactions to occur.
To explain HBD-2 and erythrocytes concentrations impact on hemolytic activity, we hypothesized that binding of HBD-2 to cell membrane is normally distributed around HBD-2 concentration to total membrane surface ratio point and all erythro cytes that have HBD-2 concentration on their surface above some threshold level become disrupted. As HBD-2 concentration increases, more and more erythrocytes reach that threshold level, causing stronger hemolysis to occur. Assuming our hypothesis is correct, we expect that the graph of the dependence of hemolysis on HBD-2 concentration behaves similarly to that of normal distribution in its integral form, which, based on the properties of normal distribution, explains the linear dose-dependency shown in Fig. 2 (a) .
The increase of erythrocyte concentration leads to a decrease in the percentage of erythrocytes that become disrupted, but the count of disrupted erythrocytes is partly compensated by the increase of the overall erythrocyte concentration. It is remarkab le that the count of disrupted erythrocytes may not be constant. In some hemolytic assays we registered the decrease of the count of disrupted erythrocytes with the increase of erythrocyte concentration (data not shown). Thus, the inverse dependency depicted in Fig. 2 (D) is better explained by the shift in the ratio of HBD-2 to erythrocyte concentrations that is masked by leakage of inhibitors from disrupted erythrocytes rather than by only the mere HBD-2 inhibition that has not explain how this effect may occur.
A threshold level may be a function dependent on different factors, mainly pH value and inhibitor presence, but based on our experiment with TESP, we suggest that a threshold level may be an internal function as well. If concentration of inhibitors (e.g. hemoglobin) determines the threshold level, then the optical density of supernatant after hemolytic assay must be constant regardless of TESP presence. However, that is not true based on our findings. Therefore, we conclude that the threshold level is the critical concentration of HBD-2 on cell membranes required for HBD-2 oligomerization during membrane-spanning pore formation.
We believe that our findings can explain some details of interactions of HBD-2 and other defensins with cell membranes.
Our findings suggest that interactions of HBD-2 with cell membranes are mainly electrostatic in nature and are self-limited by released cell content. Based on our results, we developed and presented a speculative model of such interactions.
